A novel class of pH-responsive hollow poly(L-glutamic acid)/chitosan (PLGA/CS) nanogels was fabricated by a templating approach, which was mild and surfactant free, and combined with a "grafting from" method and intermacromolecular crosslinking technique. The surface grafting, crosslinking reaction, nanogel fabrication and microstructure were investigated by FTIR, 1 H NMR, XRD, TGA, light scattering, and electron microscopy. The size of the resultant PLGA/CS nanogels could be accurately controlled by simply changing the size of the silica template. The nanogels responded to changes in environmental pH, elucidated according to the variation of the size of the nanogels and zeta potential at different pH values. Taking water-soluble antineoplastic agent mitoxantrone (MTX) as a model drug, the nanogels presented high loading ability at high-pH environment and rapid MTX release behavior under acidic conditions. MTT assays used to study the in vitro cytotoxicity of PLGA/CS nanogels showed a negligible cytotoxicity in mouse fibroblast L929 cells. Compared with bare MTX, MTX loaded PLGA/CS nanogels exhibited an enhanced inhibition effect to human gastric carcinoma SGC7901 cells. Fluorescence microscopy and flow cytometry analysis results demonstrated efficient cellular uptake of the PLGA/CS nanogels into the cells. These studies suggest that such pH-responsive PLGA/CS hollow nanogels might have great potential in controlled drug delivery systems.
Introduction
Nanogels are nanometer sized hydrogel nanoparticles formed by physically or chemically cross-linked polymer networks. Nanogels are currently attracting signicant attention and becoming a research target of great signicance for their potential use in advanced technologies such as drug delivery systems and bioimaging. 1, 2 As smart nanocarriers, they can trigger the release of bioactive agents, such as drugs, genes, and proteins, in response to specic cellular signals.
Various methods have been adopted to obtain nanogels. The commonly used emulsion polymerization shows the drawbacks of the use of organic solvents/surfactants, and the need of energy (e.g., sonication) to form the emulsion, which may inactivate the entrapped therapeutic molecules. Also, the obtained nanogels are oen strongly polydisperse in size. 3, 4 For biomedical applications, the formation of nanogels with controllable size and polydispersity, while avoiding the use of solvents/surfactants is highly desirable and presents a challenge. 5 Recently, the nano template methods have been developed and attracted great attention because they avoid the use of organic solvents/surfactants, and regulate the particle size using well-dened templates. 6 Hollow nanogels can be prepared using nanoparticles (e.g., monodispersive gold 5 or silica 6 nanoparticles) as a sacricial template, which are of particular interest because they also possess the ability to function as nanocapsules. Meanwhile, to prevent dissolution of the nanogel in the aqueous environment, chemical crosslinks involving the formation of covalent bonds are preferred to physical crosslinks. 7 However, the major challenge of using nano template methods for nanogel preparation is colloidal stability. The versatile precipitation method proposed by Mohwald et al. 8 for the synthesis of hollow capsules was based on polymer precipitation onto the templates, which easily led to particle aggregation under poor solvent conditions for polymer shells. 6 Moreover, the polymer materials employed for the encapsulation of the sacricial nanosized template mainly focussed on nondegradable synthetic hydrophilic polymers, such as most commonly studied thermoresponsive poly(N-isopropylacrylamide), on the surface of nanosized template, some cytotoxic reagents, such as crosslinking agent, initiator, and monomer are oen used, which are the major obstacles in the use of drug carriers.
Thus, there still exists a need to develop a nano template method for yielding biodegradable and biocompatible hollow nanogels with good control over the properties and dimensions in the nanometer range.
Poly(L-glutamic acid) (PLGA) is a synthetic polypeptide that can biodegrade into naturally occurring glutamic acid. The pendent-free carboxyl groups in each repeating unit make it responsive to external stimuli (such as pH and electrolytes), and provide functionality for drug attachment. These features make PLGA a promising candidate for application in the drug delivery. The pH-responsive PLGA based nanogels are of special interest in the delivery of anti-cancer drugs due to the acidic extracellular pH environment of solid tumors and the numerous pH gradients that exist in the body. 10, 11 However, few reports showed that PLGA served as a nanogel in drug delivery systems.
In this report, we described a strategy for synthesizing hollow PLGA based nanogels using SiO 2 as the sacriced template. We have combined the templating approach with a "graing from" method and intermacromolecules crosslinking technique. The synthetic route toward the formation of hollow PLGA based nanogels involved the surface-initiated ringopening polymerization (ROP) of g-benzyl-L-glutamate N-carboxyanhydride (BLG-NCA) and graing of PLGA onto SiO 2 nanoparticles, then crosslinking of PLGA using chitosan (CS) as macromolecular crosslinking agent, followed by dissolution of the SiO 2 core as depicted in Scheme 1.
This work provided a complementary methodology for the synthesis of hollow polypeptide based nanogels. Advantages of the method include: (1) "graing from" method enabling high graing density of polypeptides and well-dispersion of SiO 2 templates, (2) preparation of hollow nanogels based on only water-soluble biodegradable materials (synthetic polypeptides and nature polymers) without using organic solvents and surfactants, (3) fabrication of hollow nanogels from stable covalently cross-linked networks using macromolecular crosslinking agent without introduction of toxic small molecule crosslinking agent, initiator, and monomer, (4) easy control over the nanogel dimensions and wall thickness, (5) expected pH-dependent behavior of nanogels considering the component polymers were both weak polyelectrolytes.
The surface graing of PLGA onto template nanoparticles, and fabrication of PLGA/CS nanogels were described. Various physicochemical characteristics including micromorphology, hollow structure, particle size, surface charge, pH responsiveness, drug loading and release were investigated. Biological investigations including cytotoxicity evaluation and cellular uptake cytotoxicity assays were performed.
Experimental

Materials
g-Benzyl-L-glutamate (BLG) was purchased from Jier Biochemical Company and used without any further purication. BLG-NCA was synthesized as our previous work with slight modi-cation.
12 Trimethylsilyl iodide (C 3 H 9 SiI), triuoroacetic acid (TFA) and 3-aminopropyltriethoxysilane (APTS) were purchased from Aladdin Reagent Company (Shanghai Methyl thiazolyl tetrazolium (MTT), rhodamine B (RB), paraformaldehyde (PFA) and dihydrochloride 2-(4amidinophenyl)-6-indolecarbamidine (DAPI) were obtained from the SigmaAldrich Co., Ltd. The common mouse broblast L929 cells and the human gastric carcinoma SGC7901 cells were obtained from the Shanghai Cancer Institute were grown in DMEM medium (Paisley, UK) containing 10% fetal bovine serum (FBS) at 37 C in a humidied environment containing 5% CO 2 .
Preparation of SiO 2 -g-PLGA nanoparticles
2.2.1. Synthesis and surface amination of SiO 2 nanoparticles. The preparation of SiO 2 nanoparticles was performed according to Stöber synthesis. 13 Typically, a solution containing 6 mL of TEOS and 54 mL of EtOH were slowly added into a mixture solution containing 8-12 mL of NH 3 $H 2 O and 148 mL of EtOH in 6 hours, and the reaction was continued for another 2 h. Then the resultant white SiO 2 precipitate nanoparticles were separated by centrifugation and then washed with ethanol and dried overnight under vacuum at 40 C.
SiO 2 nanoparticles were then functionalized with a layer of primary amine groups by APTS graing. In this process, SiO 2 nanoparticles (1.2 g) were dispersed in 184 mL of anhydrous ethanol. The dispersion was sonicated for 20 min before APTS was added. The mixture was reuxed at 85 C for 6-8 h and followed by centrifugation, washing with ethanol for several times, and drying overnight under vacuum at 40 C for 12 h. The obtained amino-functionalized SiO 2 nanoparticles were denoted as SiO 2 -NH 2 . 2.2.2. Surface graing of PLGA onto SiO 2 nanoparticles. Using SiO 2 -NH 2 as initiator, the surface graing of poly(gbenzyl-L-glutamate) (PBLG) was performed by the ring-opening polymerization of the N-carboxyanhydride of g-benzyl-L-glutamate (BLG-NCA). 1 g of SiO 2 -NH 2 powders were dispersed in 40 mL of dry 1,4-dioxane. The suspension was sonicated for about 2 h. Then a solution of 7 g of BLG-NCA in 100 mL of dry 1,4-dioxane was added. The mixture was allowed to stir for 3 days at 25 C under a nitrogen atmosphere. Aer being precipitated into excess diethyl ether/ethanol (2/1, v/v) mixture, the obtained SiO 2 -g-PBLG composite particles were further washed twice with diethyl ether and vacuum dried at room temperature for 24 h. To remove the g-benzyl protection groups and obtain the SiO 2 -g-PLGA composite particles, the so-called "deprotection" step was accomplished by dissolving the SiO 2 -g-PBLG (1 g) in dry CH 2 Cl 2 (20 mL) followed by addition of excess C 3 H 9 SiI (0.4 mL). The resulting pale yellow solution was stirred under nitrogen at 40 C for 24 h in dark. The SiO 2 -g-PLGA was isolated by addition of a mixture solution containing EtOH, water and petroleum ether (with volume ratio 1 : 1 : 8), followed by ltra-tion, washing with the mixture solution for several times, and drying overnight under vacuum at room temperature for 24 h.
Fabrication of PLGA/CS nanogels
To synthesize PLGA/CS nanogels, SiO 2 -g-PLGA nanoparticles were dissolved in distilled water to obtain a 3 mg mL À1 solution.
The pH of the solution was adjusted to 7 by the addition of 0. Hollow PLGA/CS nanogels were obtained by dissolving the SiO 2 core of SiO 2 -g-PLGA/CS composite nanoparticles in 4 mL of HF (5 M) aqueous solution for 2 h. Aer several cycles of centrifugation (13 000 rpm, 20 min) and washing with deionized water, the sedimentation of the PLGA/CS nanogel obtained was redispersed into deionized water or lyophilized for further use.
Physicochemical characterization
The FTIR spectra were recorded using a FT-IR spectrophotometer (AVATAR 370, Nicolet, USA) in the region of 4000-500 cm À1 . 
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Zeta potentials were determined with Malvern Zetasizer 3000HS equipped with MPT-1 titrator (Malvern, Worcestershire, UK) at 25 C. Electrophoretic mobilities were converted to zeta potentials using Smoluchowski's equation. The morphology of PLGA/CS nanogel was observed by scanning electron microscopy (SEM, JEOL, JSM-6700F) and transmission electron microscopy (TEM, FEI, Tecnai G220 TWIN). Samples for SEM observation were prepared by depositing suspensions of nanogels on Si slides. The samples for TEM observation were dripped onto nitrocellulose-covered copper grids at room temperature.
The mean hydrodynamic particle diameter and particle size distribution (polydispersity index, PDI) in aqueous media were determined at l ¼ 632.8 nm and a scattering angle of 90 based on the cumulant method using an ALV/CGS-3 apparatus equipped with a 22 mW He-Ne laser as the light source. The angular dependence of the autocorrelation functions was measured using the same instrument as described above. Correlation functions were also analyzed by the cumulant method at varying angles. To assess the geometrical morphology of the PLGA/CS nanogel, the mean hydrodynamic radius (R h ) was obtained at a scattering angle of 90 based on the CONTIN method. The rootmean-square radius of gyration (R g ) was evaluated by the angular dependent measurements of the light scattering intensity. A Zimm plot of the scattering intensity (KC/R vv (q), R vv (q) is known as the Rayleigh ratio) versus the square of the scattering vector (q 2 ) was used to determine R g .
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UV-vis spectra were recorded on an Agilent 8453 UV-vis spectrophotometer.
Drug loading and release
In order to study the effect of pH value on the loading capacity of nanogels, 1 mg of the nanogels were incubated in 5 mL of mitoxantrone (MTX, 0.4 mg mL
À1
) aqueous solution at different pH values (4, 5, 6, 7.4 and 9.5). Aer being incubated under various conditions for 1 h, the MTX-loaded nanogels were centrifuged (13 000 rpm, 20 min), washed for 2 times with deionized water and lyophilized for further use in release experiments. The concentration of MTX remained in the supernatant aer centrifugation was measured at 609 nm wavelength, which was the UV-vis spectroscopy characteristic absorption wavelength. The MTX loading inside the nanogels was calculated from the change of MTX concentrations in the supernatant. All the data were averaged from 3 parallel experiments.
For the examination of MTX release, 5 mg of MTX-loaded nanogels were carefully enveloped into dialysis bags and exposed to 100 mL of buffer solution at different pH values of 4, 5, 6 and 7.4, respectively. Five milliliters buffer solution was fetched from release system with reconstitution of 5 mL fresh buffer solution at every predetermined time. The concentration of the MTX released from this drug delivery system was monitored at 609 nm of UV absorbance.
Cytotoxicity evaluation of PLGA/CS nanogels and antitumor activity of MTX-loaded PLGA/CS nanogels
The cytotoxicity of PLGA/CS nanogels was evaluated using the MTT assay in the common mouse broblast L929 cells. Briey, the cells (5 Â 10 3 per well) were seeded in 96-well plates and incubated for 24 h. Then PLGA/CS nanogels were added into each well at different concentrations ranging from 5 to 400 mg mL À1 . Aer 24 h and 48 h of incubation, 100 mL of stock solution of MTT was added to each well, and the cells were further incubated for 4 h at 37 C. The culture medium was then removed from each well and replaced with 150 mL of DMSO. The absorbance was measured at 490 nm using a microplate reader (Bio-RAD, model 550). Untreated cells were taken as control with 100% viability. The antitumor activity of MTX-loaded PLGA/CS nanogels was evaluated by MTT method. Human gastric carcinoma SGC7901 cells (5 Â 10 3 per well) were cultured on a 96-well plates, and then incubated for 24 h. Then, the MTX and MTX-loaded nanogels were added to the wells at the MTX concentration of 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 mg mL À1 , and the cells were incubated for an additional 24 h and 48 h. 100 mL of MTT solution (0.5 mg mL À1 ) was added to each well, and the cells were further incubated for 4 h at 37 C. The culture medium was then removed from each well and replaced with 150 mL of DMSO. The absorbance was measured at 490 nm using a microplate reader (Bio-RAD, model 550). Untreated cells were taken as control with 100% viability. The inhibitory rate of SGC7901 cells was calculated according to following equation:
where A control was the absorbance at the wavelength of 490 nm in the control groups, and A drug was the absorbance in the MTXloaded PLGA/CS nanogels groups. The experimental data were expressed as means AE standard deviation (SD). Single factor analysis for variance (ANOVA) was used to assess the statistical signicance of the results. Statistical signicance was set to a p value #0.05.
Cellular uptake of uorescent PLGA/CS nanogels
Rhodamine B (RB) was used as a uorescence probe to facilitate the observation of cellular uptake of the PLGA/CS nanogels. Free RB was removed from the RB-loaded PLGA/CS nanogels by ultraltration. Human gastric carcinoma SGC7901 cells (5 Â 10 4 per well) were seeded in 24-well plates and incubated for 24 h. The RB and RB-loaded nanogels were added to the wells at the RB concentration of 10, 50 and 100 mg mL À1 , and the cells were incubated for an additional 4 h. Aer removing the supernatant, the cells were xed with 4% paraformaldehyde for 20 min and then 10 mg mL À1 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) was added for 10 min incubation. Subsequently, the cells were washed with PBS and sealed with glycerine. The cellular uptake was observed using the Olympus IX-51 uorescence microscopy from Olympus Optical Company, Ltd (Tokyo, Japan).
Flow cytometer analysis of PLGA/CS nanogels
SGC7901 cells (2 Â 10 5 per well) were seeded in 6-well plates and incubated for 24 h. The RB and RB-loaded nanogels were added to the wells at RB concentration of 50 mg mL À1 . Aer incubating for 4 h, the cells were then washed with PBS, trypsinized, harvested and resuspended in PBS. The cellular binding of the PLGA/CS nanogels was measured using a Sorp Fascaria II ow cytometer (Becton Dickinson, USA).
Result and discussion
3.1. Synthesis of SiO 2 -g-PLGA nanoparticles 3.1.1. Template synthesis and surface amination. SiO 2 template nanoparticles were fabricated by Stöber method, which generally proceeds with the ammonia-catalyzed reaction of TEOS with water in low molecular weight alcohols and is known to obtain monodisperse spherical silica nanoparticles. 13, 17 As shown in Fig. 1a , monodisperse SiO 2 nanoparticles with tunable and uniform size were fabricated. The SiO 2 nanoparticles with mean diameters of 190 nm, 125 nm, 76 nm were named as NP1, NP2 and NP3, respectively. The polydispersity index (PDI) of particle size was less than or equal to 0.1, illustrating good monodispersity of silica nanoparticles. Acting as a catalyst, the NH 3 $H 2 O amount had a great effect on silica particle size. The mean diameters of SiO 2 nanoparticles increased rapidly from 76 to 190 nm, with the increase of NH 3 The zeta potential and size of SiO 2 nanoparticles before and aer surface amination were displayed in Fig. 1b . As the existence of silanol groups on the surface, NP1, NP2 and NP3 showed the negative zeta potentials of À37.4, À40.1 and À25.8 mV, respectively. Aer amination, the zeta potentials changed to positive value of 28.7, 32.1 and 17.5 mV. Meanwhile, a slight increase in size was observed. All these ndings indicated successful surface functionalization of SiO 2 nanoparticles with amino groups.
3.1.2. Graing of PLGA onto template nanoparticles. The covalent graing of polypeptides onto a silica nanoparticle is typically carried out via a "graing-to" or "graing-from" methodology. The "graing to" approach presents a limitation of low graing ratio, because the previously tethered polypeptides would block the surrounding linkage groups, thus hindering subsequent attachment and further reaction. 18 While for "gra-ing from" method, it is more likely to achieve high graing density. The chemical synthetic route applied in our "graing from" approach was conducted through ROP of BLG-NCA initiated by free primary amino groups on the surface of SiO 2 -NH 2 nanoparticles. 19, 20 Although it has been reported that the silica particles with the shell of poly(carbobenzoxy-L-lysine) and poly(benzyl-L-glutamate) were fabricated by surface initiated ringopening polymerization of N-carboxyanhydride (NCA) monomers, 21 the deprotection remains a challenge. Some harsh reaction conditions (HBr/Cl 2 CHCOOH, base) inevitably affects the stability of silica core, length of the polymer chain, and covalent linkage between silica core and the polypeptide shell. In our study, a mild deprotection reagent Me 3 SiI, 20 was used to remove the benzyl groups from BLG units and obtain the silica-PLGA core-shell nanoparticles. The strategy was outlined in Fig. 2a .
Surface graing of PLGA was conrmed by FTIR, XRD, and 1 H NMR spectra. Fig. 2b demonstrated FTIR , n(C sp 2-H of benzene ring) at 3050 cm
À1
. For SiO 2 -g-PLGA, the peak at 3050 cm À1 disappeared, indicating successful deprotection of the benzyl group. Meanwhile, the peak at 1739 cm À1 shied to 1727 cm À1 and became broader, indicating the appearance of carboxy groups.
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The representative 1 H NMR spectra of SiO 2 -g-PLGA with different core size of SiO 2 nanoparticles were presented in Fig. 2c . The alphabetically labeled peaks were assigned to the corresponding protons shown in inset scheme. The peaks at 1.78, 1.88, 2.11 and 4.16 ppm were characteristic of proton peaks of PLGA, which was in accordance with previous result.
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Bare SiO 2 nanoparticles precipitated rapidly in water. The graed PLGA played an important role in the dispersion of SiO 2 nanoparticles. It could be obviously seen from Fig. 2d that the SiO 2 -g-PLGA nanoparticles were soluble in water. The solutions were stable for more than 1 month without any precipitation. The excellent solubility of SiO 2 -g-PLGA nanoparticles also conrmed the existence of graed PLGA shell, and would be benecial for further preparation of PLGA/CS nanogels.
The comparison of typical XRD patterns of SiO 2 before and aer surface graing of PLGA was displayed in Fig. 2e . For SiO 2 nanoparticles, a broad peak centered at 22.3 was observed, corresponding to the characteristic diffraction of amorphous silica. The diffractogram of PLGA consisted of two weak crystallization peaks at 2q ¼ 8.1 and 19.8 , 23 due to its low crystallizability. For SiO 2 -g-PLGA nanoparticles, the peak at 2q ¼ 8.1 was still observed, and a broad peak over the range of 15-35 was detected, ascribing to the overlap of the peaks for both PLGA and SiO 2 . This indicated the PLGA was graed onto SiO 2 nanoparticles, and the surface graing did not destruct the original crystalline structure of PLGA.
To determine the molecular weight of graed PLGA chains, the graed PLGA was collected and measured aer dissolving the silica core. As shown in Fig. 2f , all of the SiO 2 -g-PLGA The graed amount of PBLG and PLGA was estimated by TGA.
25 Before heated to 600 C, all samples were heated to 120 C to eliminate water or solvent, so the weight loss of composite particles minus that of SiO 2 -NH 2 could be approximately the amount of graed PBLG or PLGA. 26 As shown in Fig. 2g , SiO 2 -NH 2 and NP1-g-PBLG, NP2-g-PBLG and NP3-g-PBLG showed weight loss of 10.7, 74.3, 73.5 and 70.5 wt%, respectively. Aer deprotection of the benzyl group, SiO 2 -g-PLGA showed the corresponding weight loss of 66, 65.7 and 63.4 wt%. Therefore, the graed amount of PLGA was in the range of 52-55%, the values of which were very similar for NP1, NP2 and NP3.
Fabrication of PLGA/CS nanogels
To prepare the PLGA/CS nanogels, PLGA shell of SiO 2 -g-PLGA nanoparticles was crosslinked using chitosan (CS) as macromolecular, followed by dissolution of the SiO 2 core. PLGA/CS complexation between PLGA and CS in the form of porous scaffolds 27 and porous microspheres 28 has been scrutinized in our previous work. However, the stable PLGA/CS nanogels based on electrostatic interaction could not be obtained because of the dissolution and collapse of the PLGA/CS polyelectrolyte complex shell during removal of silica core in HF solution. Thus, the chemical crosslinking between SiO 2 -g-PLGA and CS was highly desirable.
EDC and NHS were used as the carboxylic acid activators, which were non-toxic and could realize "zero length" amide crosslinks between carboxyl groups from SiO 2 -g-PLGA and amino groups from CS. 29, 30 As presented in Fig. 3a , EDC was used as a dehydrating agent to activate carboxyl groups to a reactive Oacylisourea, followed by formation of a semi-stable NHS ester. Aminolysis of NHS ester with amino groups of CS resulted in a stable network structure crosslinked by amide bonds.
The EDC amount had a great effect on stability of the resulting PLGA/CS nanogels. Stable PLGA/CS nanogels could only be obtained when EDC/-COOH molar ratio was not less than 3 : 1. Less amount of EDC led to the collapse of the hydrogel and precipitate of PLGA during removal of silica core in HF solution, which might be ascribed to low activation efficiency and crosslinking density between PLGA and CS.
Three kinds of nanogels named NG1, NG2 and NG3 were fabricated using SiO 2 -g-PLGA with the silica core of NP1, NP2 and NP3 as precursors. The molar ratio of EDC to -COOH was set at 5 : 1.
The procedure in the fabrication of nanogels was followed by microelectrophoresis, as shown in Fig. 3b . SiO 2 -g-PLGA possessed negative charge with the zeta potential ranging from À62 to À78 mV because some carboxylate groups ionized in aqueous solution, while CS with NH 3 + was positive charged with the zeta potential of 79 mV. Compared with SiO 2 -g-PLGA, the PLGA/CS nanogels decreased drastically in zeta potential, conrming the consumption of carboxyl groups from graed PLGA and the introduction of amino groups from CS. The FTIR spectra were displayed in Fig. 3c . For SiO 2 -g-PLGA, the absorption bands located at 1727, 1627 and 1538 cm À1 originated from C]O, amide I and II groups of PLGA, while the absorption band at 1063 cm À1 was attributed to the Si-O-Si stretching vibration. 22 With respect to CS, the characteristic absorption band at 3429 cm À1 was attributed to the stretching vibration of the N-H group bonded to the O-H group, the peaks at 1657 cm À1 were ascribed to amide groups, 31 and the peak at 1101 cm À1 was attributed to vibrational modes of the saccharide units. 32 As for SiO 2 -g-PLGA/CS nanogels, the original characteristic absorption bands of C]O group at 1727 cm À1 and amide II group at 1538 cm À1 for PLGA almost disappeared, also did those of amide bands for CS. New absorption bands appeared at peaks of 1658 and 1550 cm À1 , revealing chemical cross-linking between PLGA and CS. Aer core removal, the intensity of the silica's characteristic absorption band at 1063 cm À1 decreased greatly in the spectrum of PLGA/CS nanogels.
Considering the existence of adjacent peak at 1101 cm À1 for CS, the weak absorption centered at 1063 cm À1 could be ascribed to trace residual silica. XRD diffractogram was used to investigate the crystalline properties of CS, SiO 2 -g-PLGA and PLGA/CS nanogels, as shown in Fig. 3d . The diffractogram of CS consisted of two major crystalline peaks at 11 and 20.1
, indicating a certain degree of crystallinity. SiO 2 -g-PLGA exhibited weak peaks at around 8.1 and 21.6 , due to its low crystallizability. However, for the PLGA/ CS nanogels, only a broad peak centered at 24.6 was detected.
This indicated that the cross-linking between SiO 2 -g-PLGA and CS resulted in destruction of the original crystalline structure of component polymers.
3.3. Micromorphology and microstructure of PLGA/CS nanogels 3.3.1. Micromorphology of PLGA/CS nanogels. SEM and TEM observations were conducted to follow the surface graing of PLGA onto SiO 2 nanoparticles and examine the micromorphology of PLGA/CS nanogels before and aer core removal, as displayed in Fig. 4 .
The spherical, uncoated SiO 2 nanoparticles (NP1) were dispersed with a slight agglomeration (Fig. 4a) . The average diameter was about 190 nm, in accordance with the result in Fig. 1a . The diameter of SiO 2 nanoparticles increased to 230 nm aer PLGA surface graing (Fig. 4b) . Aer crosslinking with CS, the SiO 2 -g-PLGA/CS nanogels showed a much larger diameter of 295 nm (Fig. 4c) . Aer core removal, PLGA/CS nanogels retained the original shape with no sign of rupture or collapse, but the size of which (ca. 100 nm) was much smaller than that of SiO 2 -g-PLGA/CS nanogels. We believed that during the drying process, hollow nanogels for TEM sample preparation tended to shrink without internal support from silica template. The shrinkage of polymer-based spheres aer dissolving the inner templates was also reported previously.
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TEM observation also showed that the PLGA/CS nanogels were spherical in shape, with a uniform particle size of about 100 nm (Fig. 4e and f) , which was in good agreement with the SEM result. However, we failed to observe a hollow structure, which could be attributed to the great volume contraction of the swollen hollow PLGA/CS nanogels with thick shell (Part 3.3.2 and 3.3.3) upon evaporation of water during TEM sample preparation. 34 3.3.2. Hollow structure of PLGA/CS nanogels. Micromorphology observation had indicated a spherical shape of PLGA/ CS nanogels in dried state. In combination with electron microscopy, the geometric characteristics of nanogels in aqueous solutions were studied by determining their ratios of radius of gyration (mean-square radius; R g ) to hydrodynamic radius (R h ), R g /R h , derived from static light scattering (SLS) and dynamic light scattering (DLS) experiments, respectively.
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R g /R h is very sensitive to the particle morphology. Generally, the R g /R h values for spheres, vesicles with thin wall, and vesicles with wall thickness of about 1/3 their outer radius are 0.77, 1.0, and 0.86, respectively. 36, 37 The DLS and SLS results for NG1 at 25 C and pH 7.4 are shown in Fig. 5 . DLS curve of PLGA/CS nanogels with R h ¼ 189.3 nm was presented in Fig. 5a . The R g value was obtained from the partial Zimm plot of KC/R vv (q) versus q 2 by angle-dependent SLS measurements (Fig. 5b) . 38 The R g /R h ratio of ca. 0.83 was essentially identical to the theoretical value (0.86), which indicated a hollow spherical shape of the nanogels with thick shell. The thick shell of the hollow PLGA/CS nanogels was in accordance with the wall thickness of about 90 nm displayed in Fig. 6b. 3.3.3. Fine size control of nanogels by silica templates. Typical size distribution proles of nanogels before and aer the removal of SiO 2 template were depicted in Fig. 6 . Unimodal distribution patterns were found for all of the PLGA/CS nanogels. PLGA/CS nanogels with the average particle size of 365 nm (NG1), 315 nm (NG2) and 244 nm (NG3) were obtained using corresponding SiO 2 templates with the average size of 190 nm (NP1), 125 nm (NP2) and 78 nm (NP3), respectively. As shown in Fig. 6a , before and aer silica template removal, there was almost no obvious difference in nanogel size and distribution, which might be ascribed to that the binding effect of the graed PLGA to the silica core was sharply weakened along the radially outward direction, and removal of SiO 2 had little impact on the whole crosslinked network. It was worthwhile to mention that PLGA/CS nanogels aer lyophilization could be homogeneously redispersed in water, and the size distribution proles were similar to those of original ones before lyophilization, which was very favorable for application in drug delivery.
The nanogel size increased with silica template size. Using diameter of the nanogel and silica template as an outer diameter (D nanogel ) and inner diameter (D silica ) respectively, the nanogel had a wall thickness equal to half of the difference between D nanogel and D silica . As shown in Fig. 6b , the wall thickness calculated was about 90 nm. There was not obvious difference in the wall thickness among NG1, NG2 and NG3. The nanogel size could be estimated from the following formula: $180 nm) . Therefore, the nanogel size could be effectively and accurately controlled by simply changing the silica template size. Similarly, it was reported that the size of the poly(N-isopropylacrylamide)-coacrylic acid hydrogel cages could be controlled by using silica template core of varied size and different amount of monomers. 39 Xing et al. 40 also reported that the size and shape of the nanogel were controlled by SiO 2 template.
3.4. pH responsiveness, drug loading and release of PLGA/ CS nanogels 3.4.1. pH responsiveness of PLGA/CS nanogels. Considering PLGA and CS were both weak polyelectrolytes, in order to investigate the pH-dependent behavior of PLGA/CS nanogels, the mean hydrodynamic diameter and zeta potential in various environments were obtained using DLS and electrophoretic light scattering, as shown in Fig. 7 .
As expected, the hydrodynamic diameter of nanogel was found to vary with pH values of medium. The size of nanogels reached the minimum in the pH range of 4 to 6.5, and became signicantly larger under both high and low pH conditions. Meanwhile, the zeta potential showed a monotonous decrease from positive values to negative ones in the pH range of 3.0 to 9.5. The size variation of the hydrodynamic diameter was governed by the internal osmotic pressure due to the mobile counter-ions contained within the nanogel containing pHresponsive groups, which balance the internal electrostatic repulsion. 41 In the case of low pH and high pH, the dominant charges in the nanogels were protonated amino groups (-NH 3 + )
from CS and dissociated carboxylic groups (-COO À ) from PLGA, respectively. The electrostatic repulsion between these ionized groups induced swelling of nanogels. When the pH of medium was in range of pK a of PLGA (4.4) 11 and pK a of CS (6.3), 42 both PLGA and CS were partly ionized, and they could form compact interpolyelectrolyte complexes by electrostatic interaction. Therefore, the size of nanogels reduced to a minimum. Dai et al. 23 also found the electrostatic bonding of -COOH of PLGA and -NH 2 of CS was strongest at pH ¼ 4-5.
3.4.2. pH-Dependent MTX encapsulation and in vitro release. Because of the large cavity inside the hollow nanogel and the network structure of polyelectrolyte shell, the PLGA/CS nanogels were expected to have promising application as drug carriers. Here, mitoxantrone (MTX), a water-soluble antineoplastic agent, was used as model drug to study the loading and release behavior of PLGA/CS nanogels. The hydrodynamic diameter and zeta potential of PLGA/CS nanogels (NG1) at different pH were presented in Fig. 8 .
Compared with blank PLGA/CS nanogels, the zeta potential aer MTX loading was signicantly increased, as shown in Fig. 8a . Meanwhile, the size of drug loaded PLGA/CS nanogels reduced obviously at a pH ranging from 5 to 9 (Fig. 8b) . As previously reported, MTX bore positive charge because of positively charged nitrogen atoms from the lateral chains of the drug, 43 while the PLGA/CS nanogels were negatively charged at a pH 5 to 9.3. The increasing zeta potential and decreasing size of PLGA/CS nanogels aer MTX loading could be ascribed to electrostatic interaction between nanogels and MTX, as schematically illustrated in Fig. 8c . Chen et al. 44 also found the size of poly(acrylic acid) nanogels decreased aer loading bovine serum albumin (BSA) with opposite charge. Fig. 8d demonstrated the inuence of pH value on the MTX loading capacity. The loading content increased greatly with the increase of pH value, from 14.3% of loading capacity at pH 4 to 43.6% at pH 9. The pH dependence of MTX loading could be ascribed to two factors. On one hand, there existed electrostatic interaction between MTX and nanogels, since MTX was positively charged at pH under 9.3, 45 while PLGA/CS nanogels showed negative charge at a pH ranging from 5 to 9.3 ( Fig. 7b  and 8a ). It was reported that the percentages of positively charged MTX decreased from 100 to 58.5%, when pH value increased from 4.0 to 7.4.
45 However, the zeta potential of PLGA/ CS nanogels decreased greatly from 8.79 to À14.2 mV when pH increased from 4.0 to 9.0. The strength of this interaction between nanogels and MTX predominantly depended on the charge of -COOH groups, which became stronger with increasing pH values due to the higher degree ionization of -COOH groups of PLGA chains, resulting in increased loading content. On the other hand, the size increased with increasing pH, facilitating the drug penetration and diffusion. At the pH value of 4, it was surprising that positively charged PLGA/CS nanogels ( Fig. 7b and 8a) were capable of loading positive MTX, which might be ascribed to the hydrogen bonding between nanogels and MTX, and the cavity inside the hollow The release behavior of MTX from PLGA/CS nanogels (NG1) as a function of pH were shown in Fig. 8e . For comparison, the release prole of bare MTX was also depicted. The bare MTX in pH 7.4 buffer released rapidly. The initial burst release was severe with a release amount of 75.3% within 9 h. Compared with bare MTX, the release of MTX from PLGA/CS nanogels was obviously delayed. The pH value greatly affected the release prole of MTX loaded PLGA/CS nanogels. Quick release still could be observed within the rst 10 h at pH 4, followed by a release balance with a cumulative release of 93.2%. This was due to the electrostatic repulsion between positively charged hydrogels and MTX bearing the same charge. Moreover, remarkable swelling at pH 4 was conducive to drug penetration and release. The cumulative release of MTX was only 35% within a week under the physiological conditions (pH 7.4).
However, by adjusting the solution pH to acidity, MTX was released in signicant amounts from the drug-loaded hydrogels into the external environment, i.e., 47.9% at pH 6 and 62.1% at pH 5 within a week. Actually, the hydrodynamic diameter of PLGA/CS nanogels increased with increasing pH value in the pH range of 5 to 7.4, which might accelerate MTX penetration and release. Nevertheless, drug release was greatly restricted at higher pH value, which could be ascribed to the dominant effect of electrostatic interaction. As discussed above, the electrostatic interaction between PLGA/CS nanogels and MTX was stronger at higher pH value, greatly restricting drug release. Similarly, Ma et al. had reported a pH-responsive release of MTX by varying the electrostatic interaction between negatively charged silicate and positively charged MTX under designed pH 4-7.4 in PBS solution. 45 Duan et al. also found rapid MTX release at lowpH environment from supramolecular vesicles self-assembled by host-guest inclusion complex, they ascribed this phenomenon to pH triggered vesicles collapse. All the above evidences illustrated the electrostatic interaction between PLGA/CS nanogels and MTX was the key driving force for drug loading and release. The MTX release from PLGA/ CS nanogels showed a good response to physiologically relevant pH (pH 4.0-7.4). It was well known the microenvironment of tumor cells was acidic for both intracellular and extracellular compartments, the rapid release of MTX from MTX-loaded hydrogels could be triggered by the acidic microenvironment of tumor cells, which was extremely signicant for specic targeted therapy.
45,47
Although the pH-responsive drug delivery systems for MTX have been developed based on mesoporous silica nanoparticles, 45 nanodiamond, 46 supramolecular vesicles selfassembled by pillar [6] arene and ferrocene derivative, 47 etc. However, the unsatisfactory biodegradability of inorganic nanoparticles, and instability of supramolecular vesicles in physiological environment have been limiting their effective applications. Comparatively, PLGA/CS nanogels have been found to be more desirable pH-responsive carriers for MTX delivery, because of their various advantages, such as biodegradability, stability in physiological environment, high loading and controllable release.
Cytotoxicity of PLGA/CS nanogels and anticancer effect of MTX-loaded PLGA/CS nanogels
The cytotoxicity of PLGA/CS nanogels was evaluated in bro-blast L929 cells via an MTT assay. As shown in Fig. 9a , the cell cytotoxicity of L929 cells treated with blank PLGA/CS nanogels (NG1) was above 90% when the nal concentration of the nanogels was less than 100 mg mL À1 . Besides, there was no signicant difference in cellular viability at 24 h and 48 h. All these indicated that the blank PLGA/CS nanogels showed a negligible cytotoxicity at a concentration of no more than 100 mg mL À1 . When the concentration was further increased to 200
and 400 mg mL À1 , the cell viability was decreased to approximately 80% at 48 h, showing the cell viability had a dose and time dependence. The result suggested that the NG was cytocompatible and suitable for future biological applications.
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The potential applications in the biomedical elds were assessed by investigating the cancer cell inhibition of MTXloaded PLGA/CS nanogels against the human gastric carcinoma SGC7901 cells using the MTT assay. As revealed by Fig. 9b , both MTX and MTX loaded PLGA/CS nanogels (NG1) exhibited obvious inhibition effect on the cancer cells. And the inhibitory rate was higher upon 48 h incubation than that at 24 h incubation on the condition of the same concentration of MTX (#2 mg mL À1 ). SGC7901 cells treated with the MTX-loaded PLGA/CS nanogels showed the substantially higher inhibitory rate than those treated with the same concentration MTX, which might be attributed to the efficient delivery of the drug into the cells in the absence of PLGA/CS nanogels.
Cellular uptake of PLGA/CS nanogels
The cellular uptake of PLGA/CS nanogels was evaluated with uorescence microscopy and ow cytometry. Fluorescence microscopy was used to visualize the internalization of RB and RB-loaded PLGA/CS nanogels (NG1) into the gastric carcinoma SGC7901 cells. Fig. 10a-c shows that in the SGC7901 cells, the nucleus exhibited a red layer of uorescence aer 4 h of culture with the RB. The uorescent signal in the SGC7901 cells treated with the RB-loaded nanogels (Fig. 10a 0 -c 0 ) was much stronger than in cells treated with the RB alone. It was reported that CS decorated on the nanoparticle surface facilitates cellular internalization via the unspecied sugar receptors on the cell membrane. 49 PLGA/CS nanogels adsorbed onto the surface of the cell membrane could be internalized by an endocytotic means, which permitted the delivery of high concentration of drug into cell.
50
The cellular uptake of the PLGA/CS nanogels by SGC7901 cells was further demonstrated by ow cytometer analysis aer 24 h of incubation with RB, RB-loaded PLGA/CS nanogels. As shown in Fig. 10d , the uorescence intensity of cells incubated with RB-loaded PLGA/CS nanogels (NG1) was signicantly higher than that of cells incubated with the RB in the test concentration range, suggesting that the internalization ability of the RB-loaded nanogels for the cancer cells are greater than that of the bare RB.
These results suggested that the PLGA/CS nanogels could efficiently enhance the cellular uptake by SGC7901 cells, which would contribute to increase the therapy efficacy for tumor. 
Conclusions
In this study, we have synthesized a series of novel hollow PLGA/ CS nanogel by combining templating approach with a "graing from" method and intermacromolecules crosslinking technique. This strategy was showed to be versatile, simple, and suitable for precise control of the nanogel size. The resultant PLGA/CS nanogels exhibited pH-dependent response, which was elucidated according to the variation of size of nanogels and zeta potential at different pH values. The loading capacity of MTX increased greatly from 14.3 to 43.6% when the pH value increased from 4 to 9. The release behavior of MTX from the PLGA/CS hydrogels could also be controlled by changing solution pH values. Rapid release could be observed in acidic condition with signicant cumulative drug release amounts from the MTX-loaded hydrogels, i.e., 47.9% at pH 6, 62.1% at pH 5, and 93.2% at pH 4 within a week. MTT assays indicated that the PLGA/CS nanogels showed negligible cytotoxicity and were highly compatible with mouse broblast L929 cells. MTX loaded PLGA/CS nanogels exhibited higher inhibition effect on the cancer cells than free MTX. Fluorescence microscopy and ow cytometer analysis demonstrated that PLGA/CS nanogels could be efficiently delivered into the SGC7901 cells. Therefore, the excellent pH responsiveness, quick release of MTX at acidic pH environment, efficient drug delivery and improved cytotoxicity to the human gastric carcinoma SGC7901 cells enabled the MTX-loaded PLGA/CS hydrogels to be used as a promising and effective carrier for controlled drug release and anti-tumour therapies. .
